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ABSTRACT 

A method of relative location for explosions using 

Rayleigh waves is developed and tested.  It involves cross 

correlating a wavetrain with a previously recorded signal 

from the same source region and &?.t&mining  a relative 

"travel-time" from the peak in the -ross correlation trace. 

Locations are fairly accurate, but do not compare with the 

precision obtained with body waves and relative travel-time 

corrections.  A number of causes of errors are discussed, 

and it is estimated that a sor-Msticated application of 

this method would yield location comparable to relative 

travel-time locations for large events. 
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INTRODUCTION 

Location of seismic events is traditionally done by- 

timing the first arrivals of the body-wave phases P. P . or 
*  n* 

P , depending on epicentral distance. Even when arrival 

times of these phases are accurate, location errors of up 

to 50 kilometers can result because of the heterogeneity of 

the earth and lack of azimuthal control. Locations using 

other body-wave arrivals are subject to greater error since 

the arrival time of any phase after the initial P. P , or P 
n     g 

is obscured by continuing motion. And the use of surface 

waves to locate entails such problems that no one apparently 

has used them for this purpose.  The primary difficulty is 

observational in that the surface waves, being dispersed, 

have no definite arrival time.  Given well-recorded signals, 

group arrival times for particular periods can be assigned 

as is done for group velocity measurement; however, even 

with the arrival times well determined, the group travel time 

must be accurately known from the epicenter to all the recording 

stations in order to make an accurate location. Rayleigh-wave 

group velocities will vary between about 3.0 (shields) ard 4.0 

(oceans) for periods between 20 and 30 seconds, and travel 

times based on this difference could vary by several hundred 

seconds for teleseismic distance. On the other hand P-wave 

travel times are relatively invariant over the whole earth 

for a given teleseismic distance, and differences between 

observed arrival times and those predicted by standard P-wave 

travel-time tables seldom exceed five seconds. Without 

extremely detailed knowledge of surface-wave velocities over 

the whole earth, we cannot expect to even approach the worst 

location errors for first arrivals, that is, about 50 kilometers. 

1- 
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Relative location of explosions using predetermined 

travel-time anomalies for compressional waves has reduced 

location error by nearly an order of magnitude in the 

Nevada and Rat Islands regions as reported by Chiburis (1968) 

and Chiburis and Ahner (1969).  This method of relative 

location requires a reference event whose exact position is 

known and a common recording network for this and another 

event with unknown epicenter in the same region. The accuracy 

of the epicenter location of the detected event is directly 

related to its proximity to the reference event. That is, 

the validity of relative travel times is dependent on the 

distance between the detected event and the reference event 

from which the relative travel times were determined hecause 

of the changes in compressional-wave travel paths. 

An analogous method of relative location using surfac« 

waves is possible.  Again a reference event with an exactly 

known location is required.  Cross correlation ©f the 

reference event's waveform with that of the detected event 

provides arrival times of surface-wave energy for any period 

at which there is detectable ground motion.  Instead of basing 

the location of the detected event on estimated travel times 

over the entire paths to the stations, the location can be 

made relative to the reference event when travel times to 

the stations from it are already known and serve to remove 

most of the travel-time uncertainty associated with surface 

waves from the detected event.  This, coupled with the fact 

that apparent velocities for P waves are 3 - 8 times larger 

than surface-wave velocities and therefore introduce more 

epicenter error per second of arrival-time error (or residual), 

makes relative location by surface waves attractive. Also, 

the surface-wave method can use recordings at regional distances 

whereas the relative travel-time method for body waves must 

■   ■     ■       ■  ■:      ■■   ■      :■ 
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usmally  exclude  regional  data because  of  its   large variation 
iin travel  times  at  a given distance  and because of  the 
uncertainty  in associating  a first  arrival  with one  of  several 
üüfferent Ibranches   in the  travel-time  ci-rves.     The  accuracy 
of  the  location  of the  detected event will  again depend  on  its 
tdi^tance from the  reference  event    since  travel paths  to  the 
recording network are proportionately  changed.  Moreover,   a 
iknowledge  of phase velocities  in t!he source region is  desirable:; 
ibut  iin the  case of  assumed tvelo^iti.es.,   location accuracy  is 
mot s^ver^ely  affected,   as will ibe  discussed latter.     If  a odeg^eoe 
of accuracy comparalDle to that olbtained ^siing relatitvte t^raviel 
time^ iwith Ibo^-twave  iocatitOin is jdesir«!.,  the surface-iwave 
Location imetihod apiperars fteas üble (©inly fcor ^xplcosicoms..   Ilhis  is 
Ibecause the jmitäal-tpflaas© radiatijom jpatt-e^ms for tiwo £;artt!h- 
(qiUaHces, (ewiem im Äe same rcegicoin.,   csmmQt lb« assrumed tto Ihie 
ISemtica.!..    WmTthem^jr^., ;a cdist:anc« Im. Sfojuirce cdeptlh iäliome will 

alter th& recorcded twav« traiai.,    MoMewier,,  fcor iSfome earitiiwpialkes 

W arriwals arte emergemt amd tBhius amriwal itimes are lUjncCce/Ttalin 

IOT f(or some (Ottlheirs <smlj the stuarfac® iwames aire detecctce^ at all:; 

im tkese castes a Itocatitom lusimg saaarfface iwavces MOUM Ibce tlhe (©mö.y 
coibtaim-alblce com«.. 

■. ■ 
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SURFACE-IVAVE RELATIVE LOCATION METHODS 

Matched filter location 

With the latitude and longitude of a reference event 

known precisely and its   origin time known only approximately, 

the latitude and longitude of a detected event in the same 

region can be determined along with an estimate of its origin 

time.  The accuracy of the origin time will reflect the error 

in the approximated reference event origin time. The math- 

ematical );!v;thod is analogous to body-wave location algorithms 

and is as follows.  For each station, RayleigL-wave signalf 

will be recorded for both events as shown in Figure 1. A 

procedure using visual analysis to pick the times of arrival 

of corresponding wave groups of the same period as is done 

in group velocity determination would provide the necessary 

data to locate the detected event.  However, low signal-to- 

noise ratios and dispersion of the second signal relative to 

the reference one may cause inaccuracies in this approach. 

Alexander and Rabenstine (1967) have used reference event 

signals to detect signals from other events in the same 

region by cross correlation. This method of filtering is 

applicable to surface-wave location.  The peak in the cross 

correlation trace in Figure 1 indicates the time of overlap 

of the two sisals as received at a given station. If the 

reference-signal time window is chosen to begin with the 

group arrivals of maximum velocity and to end with the groups 

of minimum velocity and if the time window of the detected event's 

signal is made longer by the inclusion of some noise in front, 

the cross correlation trace will peak at some time increment T' 

(Figure 1) relative to the start, t'  of the detected event's 

window such that the "time of arrival" of the new 

4- 
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TTr = tr - 0^ 

E = (t. 0 ) (t 0r) (1) 

This expresses the differences in travel times and can be 

related to errors in the initial assumptions of latitude, 

longitude, and origin time for the detected event as in 

body-wave algorithms for location thus: 

■ 

■ 

signal can be determined accurately.  We form then equations 

of "travel time" for the two signals at any station: 

. 

TT  = t' + T 
P   P 

0 = t  - 0 
P   P   P 

where subscripts r and p refer to the reference event and 

detected event respectively, t and t refer to correspond- 

ing arrival times, and 0 and 0 are the approximated 

origin times.  An approximate 0 is sufficient since 

errors in 0r will be reflected almost entirely in errors 

in the origin time and not in the location of the detected 

event. (Note that by adding a constant to both travel time 

equations, the time of any particular group arrival could 

be represented; this would be accomplished by moving t 

forward in time in Figure 1.) A residual equation for each 

station can then be written 

E = ^TTI cosa dYp t dgn s.no dXp + d0p (2) 

where a is the epicenter-station azimuth;  jl ^ is the change 

in travel time duo to a change in epicentral distance R (in 

kilometers); and dY , dX , dO are the corrections to be applied 

to the initial assumptions of latitude, longitudoj, and origin 

-5- 
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time, respectively, of the detected event.  Since we will 

be locating events which are less than 200 km from the 

reference events in this study, the flat earth approxima- 

tion which substitutes kilometers for degree increments 

of longitude and latitude contributes less than 0.1 km to 

location error and is therefore acceptable. The value 
d^T) is simply the inverse of phase velocity C.  It is 

intuitive that the selected phase velocity for use in the 

location should correspond to periods which show the maximum 

amplitudes on the recordings of the two events since for a 

given station the peak in the cross correlation trace should 

"move out" with this velocity when the signals originating 

from a fixed source are correlated with signals from another 

source moved successively greater distances from the fixed 

source and dispersior changes the waveforms slightly each 

time.  This "move-out" will be investigated later with 

synthetic seismograms. So (2) can be written as 

E = (cosa/C) dY + (sina/C) dX + dO (3) 

Similar equations of condition can be written for each 

recording station and the solutions dY, dX, dO are obtained 

by use of the least-squares normal equations. 

An iterative process can be employed as in body-wave 

location algorithms. First rewrite (1) as 

E « t - C 
P   P 

where tc = 0 + t - 0 is the computed arrival time in the 
p   p   r   r 

first iteration. After the first solution is obtained, the 

travel times from the reference event will still be used and 

the predicted arrival time at any station in subsequent 

-6- 
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iterations will be 

^ = 0
P 

+ ^ - 0r+ cyv/c 

where Rp and Rr are the distances to the station from the 

location given by the previous iteration and from the refer- 

ence event, respectively; and 0 is the origin time given by 

the previous iteration.  Thus, arrival time at the station 

is computed assuming the velocity C of the- maximum amplitudes 

in the wave train and using the known travel times from the 
reference event. 

Dispersion effects 

If the detected event is displaced from the reference 

event, dispersion will perturb its wave train relative to that 

of the reference event at each station.  We will demonstrate 

empirically that the move-out velocity of the correlation peak 

is approximately identical to the phase velocity of the maximum 

recorded amplitudes of the wave train when a signal is cross 

correlated with dispersed modifications of itself.  The dis- 

persed signals were generated from actual recorded signals 

using reported phase velocities and the synthesis procedure 

described by Sato (1960).  Two structures were used: 1) "Shield", 

for which the average phase velocities shown by Brune (1969) 

were adopted and 2) "Basin-Range", for which the theoretical 

phase velocity curve of Smith (1962) for the "Nevada Region" 

was adopted. 

Dispersed signals were generated every 30 km out to 150 km 

as though the epicenter was moved these distances successively 

away from the recording station. An example of the dispersed 

signals is shown in Figure 2 for the actual FAULTLESS recording 

-7- 
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at NP-NT.  Figure 5 shows the traces produced by correlating 

the actual FAULTLESS recording with its Shield-dispersed 

modifications as well as with itself.  (The original signal 

was displaced 34 seconds backward in time before commencing 

correlation with the traces of Figure 2.)  The move-out 

measured on the cross correlation peak in Figure 3 is 3.66 km/sec 

which is very close to the 3.61 km/sec phase velocity for a 

period of 18 seconds in the "Shield" dispersion curve of Brune. 

Eighteen seconds is approximately the period of maximum recorded 

amplitudes for the signal received at NP-NT from FAULTLESS. 

Figure 4 shows two other signals, FAULTLESS as recorded at RK-ON 

and MILROW at HN-Mii, which were utilized just as FAULTLESS at 

NP-NT was used to determine move-outs.  These same three signals 

were also subjected to "Basin-Range" dispersion.  The results 

for all six move-out tests are given in Table I; note that 

the three signals together span a large epicentral distance 

range.  Measured move-out velocities do not differ frcn the 

phase velocity for the periods of the maximum recorded ampli- 

tudes by more than .06 km/sec.  Thus, in our surface-wave loca- 

tion, we use the assumed (or hopefully determined) phase 

velocity of the maximum recorded amplitudes.  This phase velo- 

city is valid for the structure between the epicenters if they 

are on nearly a great circle path with the station since the 

dispersion of one event signal relative to the other would be 

mostly controlled by the structure between epicenters.  If the 

circle path through the epicenters were normal to the epicenter- 

station azimuth, the two travel paths to the station would not 

be coincident at anytime, and the dispersion of one signal 

relative to the other would be controlled by differences in 

structure along the whole travel paths. 

Note that in Figure 3 no apparent deviation from a constant 

move-out of the peak occurs, and we would expect the move-out to 

8- 
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DISPERSION 
DISTANCE 

0  (Km)       1 

30  (Km)      2, 

60  (Km)      3, 

90 (Km) 

120 (Km)      5. 

150  (Km)      6 a 

Figure 3,  Correlation of the actual FAULTLESS recording 
at NP-NT with its dispersed modifications. 
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continue at the same rate if signals were synthesized for 

sources farther removed.  However, in locating detected events 

which are distant from the reference event, there is a limit- 

ing factor (Figure 3) which is the increase in amplitude of 

a peak adjacent to the desired peak.  In this case choice of 

a false correlation time is possible.  Signal-to-noise ratios 

less than those used in this study would also lead to wrong 

choices. We estimate that events no more than 200 km from 

the reference event could be located when signal-to-noise 

ratios were high.  Poor signal-to-noise ratios may diminish 

this range drastically. 

Phase velocity and location accuracy 

In determining the detected event's location the computed 

distance in kilometers from the reference epicenter is depen- 

dent upon the phase velocity chosen.  If, for instance, all 

recording stations had maximum amplitudes at about the same 

period and if the estimated phase velocity for this period in 

a certain structure was 3.40 km/sec, the error in the computed 

epicenter of the detected event would be about 2.6 km when it 

was in fact 50 km from the reference epicenter and when the 

true phase velocity in the source region were 5 per cent 

lower than the assumed 3.40 km/sec.  Similarly, an epicenter 

100 or 200 km away from the reference epicenter would be mis- 

located by only 5.2 or 10.0 km, respectively, for a 5 per cent 

error in phase velocity.  Examination of the curves of Brune 

and Smith reveals that it would be difficult to assume a 

phase velocity corresponding to periods in the range of 10 to 

30 seconds vhich was more than 5 per cent different from the 

actual valuä for a continental region. At a period of ten 

seconds, the range in phase velocity over the four widely- 

varying continental structures of Shield, Basin-Range, 

-9- 
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Mid-Continent, and Alpine (using Brune's terminology) is only 

from 3.12 to 3.35 km/sec.  At a period of twenty seconds, the 

corresponding range is 3.37 to 3.68, and for a period of 

thirty seconds is 3.62 to 3.92.  Thus, taking a value midway 

in the ranges and allowing for small errors in period read 

from the recordings, we can minimize errors in assumed phase 

velocity to less than 5 percent even when no information on 

the structure of the source area is available. As a result, 

we would expect location bias due to these errors to be no 

more than mentioned above.  We should point out, however, 

that problems could arise wher. possible paths to a station 

from the detected event lay close to continental-oceanic 
boundaries. 

Location using phase differences 

The problems associated with dispersion of one signal 

relative to another can be circumvented by Fourier analyzing 

the cross correlation of the two sig.als.  It has been shown 

that the cross correlation of the signals at two stations which 

are in line with a given event represents the medium response 

to an impulsive point source applied at one station and 

received at the other (Landisman et al, 1969).  Analogously, 

the medium response between two events is represented by the 

cross correlation of their signals received at a given station 

when the events are aligned with the station.  Whenever the 

epicenters are not aligned with the station, the medium 

response represented by the cross correlation refers more to 

differences in structure along the entire travel paths. 

Fourier analysis of the cross correlation trace determines 

arrival times versus frequency such that T and t in Figure 1 

are both frequency-dependent.  Thus (1) should be rewritten 

10- 



'JWWMWitMamimWEttflretfmwaqwsM^ 

m 

a. o 

2 
O 
i 

DA 

0) 
»H 

3 
(30 

•H 
tu 

Oi 
w   • 
W/-, 
>J 6 
H O 
J ■P 
D 4-» 
<  O 
HH^ >—' 
MH 
ow 
m i 
bOZ 
cx ' 
•H v +> 
U nS 
o 
u> ■ ■ 

OJO 
MPS 

^ 
lH l-H 
OJS 
3 
4)T3 ■ 

U   C 
«s, rt 

■■ 

, ■      . .     , ■ 



as: 

E(f) = [tp(f)-Op] - [tr(f)-Or] 

to incorporate the information available from the entire 

spectrum.  Also (3) should be expressed as 

E(f) = [cosa/C(f)] dY + [sina/C(f)J dX + dO 

It is clear that phase velocities should be used since the 

Fourier analysis of the cross correlation determines the time 

difference in phase peaks between the windowed signals of the 

reference event and the detected event. The number of conditional 

equations used in the location is now multiplied by a factor equal 

to the number of frequencies used.  The information from the 

received signals used in the location is more complete 

and precise than in the simple method of picking the corre- 

lation peak time. Again, the accuracy of the location 

depends on how well the surface-wave velocities are known. 

Also, only frequencies in a band over which the phase 

differences remain smooth should be used; this limitation 

will undoubtedly alter the exact band of frequencies used 

at each station for a given location. 
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RESULTS 

Recordings of the JORUM, JORUM collapse, BOXCAR, FAULTLESS, 

MILROW, and LONG SHOT Rayleigh waves digitizated at four or 

five points per second for the stations indicated in Table II 

were already available for the most part.  Cross correlation 

traces were formed by multiplying the individual spectra in 

the frequency domain and inverse transforming.  The proper 

peaks in the cross correlation traces were readily apparent 

in most cases because of the high signal-to-noise ratios. 

Although LONG SHOT was barely detectable at some of the stations, 

the strength and duration of the MILROW signals (about one 

order of magnitude larger) caused the cross correlation traces 

to peak at the proper times. Relative locations for the event 

pairs shown in Table II were computed, and the vectors from the 

true locations to the computed relative locations are also 

given in Trble II under the column headed "matched filter". As 

a comparison, the error vectors for traditional compressioual- 

wave locations and relative travel-time locations are given for 

ehe same events under the columns headed "body waves" and 

"relative travel times", respectively.  Depth was restrained to 

zero, the true origin times of the reference events were used, 

and the Herrin 1968 travel-time tables were employed in all 

cases. Relative travel times were determined from the reference 

events in the manner shown by Chiburis (1968). The JORUM-BOXCAR 

and FAULTLESS-BOXCAR pair were processed with and without LC-NM, 

the only station at regional distance, because of the known 

deleterious effect of regional stations on body-wave and relative 

travel-time locations.  Results in Table II clearly show this. 

However, the matched filter location is considerably improved by 

the addition of this station in both cases, due mainly to the / 

increased -^muth aperture of the stations about the epicenter. 

12- 

- 

•. 

1 

«(jäü&IPSi-rv        . ■ ; ■ ■■^*'^*'Ä^^^Nir<i^^»^ 
.   ■ . ., .... , 



Q 
W 
H 

a, 
o 
u 

H 
u 

UH 

s S g S g B M ^ ^ ^ r2 M 
(Nlo •=t 0 \0 o Oo vO 0 00 O 

• O . o • O . vO • O • 00 
CTi TT ^ K) O vo vo ro oo to O vO 
rH (NI Kl !—t (M iH vO 

o 
+J 
a) 
S 

c 
o 

•H 
+J 

HH        Cd 
HH       U 

O 
W    -1 

pq   m 
<    o 
H 

c 
o 
tA 

•H 

rt 
i\ 
H 
o 
u 

o 

W 

H 

O 

to 
(* o 
H 
U 
W 
> 

o 

w 

2: 
o 
t—I 

H 
< 
u 
o 
-) 

co 
tu 

W S 
>   ^H 

E- 
< H-l 

W 
w 

CO 
w 
> 

o 

O Z 

CO 

o 
w 
H 

u 
o 

W 
U 

w 
w 
tu W 
w 

A s S € g 
g r^ ^ M jj 
i2o r- o 00 o tOO Oo 
K5 VO • rj • oo . LO . vo 

. O LO  i-H ^  LO to LO 00 
00 (N rvi r-i ro <N1 iH 

g s s S g 
^ ^J ^5 P^ Ä Oo LO 0 00 LO 0 oo a 

• i-H . CM • rH . <N • vO 
CT> lO o to a> LO o to (N (sj 
(NI rH 00 rg rH oo rg 

^E-< «H «H «H «H U PQ hJ 
^Z >-2 >^ Z >^z >H^: PQ Z W (M   i (M    1 eg   i CM    1 CM    ( CM CM    l 
XOH ffieu Xfe "X a. ffi ft u rt w CO 

2 
&2 &Z ^^: ^z ^Z ft UM 

• v      Ti •i     ä •> •» •>    •> •*      «t •k        Ä       * 
O Q Z« zm z w zm ^:M H Z W 
H CO 

OS 
'1    1 

ocy 
1   (O 

ocy 
i to 

ocy 
!   tO 

ocy 
I to 

ZOS 
■    ■    i 

< D ^g ^> ^> «> «> ft ^ Z H P^S OS CO «5 co oico ft! co SftiS CO «^    •> *     * A       A A « •fc      A 9*        9*        9k u« u w u ws u w u ws « HX PQ< MS 
i    i 

«S2 
1       t      1 

«S 
■      ■ «SZ: 

■      ii #V1        ■          ■ 

ÜPQ UZ C3 ZU 
■      i 
uz 

■      1      1 
u 2: u 

rsj   i     i 

CUUH cu S OH XHJ a, S ft a: w 3: «CO 

o 0 o 
o oo 00 

vO vO 
rH rH 

A •» « 
S s S 
M -^ ^ 
o o o 

<M rg 

o O 
00 00 
00 00 
rH rH 

«\ ft 
g s 

,^4 M 
CM CM 

• • 
o o 
LO LO 

w 
CO 
ft oi 

S w 
< u 

oi ^ X 
O O O 
•-3 U PQ 

D^ a 
< «^ 
U u 
X X! 
O O 
PQ PQ 

S 
x 
o 
PQ 

D a! 
o o 

s 
D 

o 
•-5 

CO CO 
CO CO 
w w 
w J 
H E- 
p-3 -J 
D D 
< < 
W W 

o 
oo 

rH 

CM 

H 
O 

co 

u 
z 
O 
rj 

O 
a: 

Ö 
X» o 
rt •H 

X! (/) 
o 

75 rH 
c ft 

•H X 
rt <u 
00 s. 
(U J3 
u oi 
ö o 

•H >n 
W 

u 
13 0) 

Q> ■M 
C MH 

•H al s 
JH r-\ 
o OT 

■p M 
(U 3 

T3 O 
-c 

0) 
X) h 

3 
T) O 
rH MH 
3 
O •p 
U 3 

O 
w X) 
CO CO 
ft V—' 

< 
rJ (U 
W s 
O •H 
U P 

s W 
p •H 
oi 0* 

o +3 
•^ 

■M 
h rt 
o 

MH TJ 
0) 

tf) tf) 
a> CO 
S <D 

•H U 
■M u 

G 
rH •H 

CO 
> c 

•H 0) 
u (U 
u Xi 
«J 

■M 
o O z ß 

•K 

,     .,  . .   ,.:■..   .;■:   . ■OJi---iVJ. ■   ' ■-.-* % j*f„3* W.»JE: 
.■-■. :.      ■:■     .     ■.:  , :..r,;-    . 

m 

,. ■ r ' i 



Ordinarily the increased aperture would improve the body-wave 

and relative travel-time locations, but the poor agreement o£ 

travel time to LC-NM from the source area with the Herrin 1968 

tables and the possibility that LC-NM lies near a crossover in 

the travel-time curve overrides the aperture factor. It is 

significant that the matched filter location with LC-NM added 

is comparable in accuracy to the relative travel-time location 

without LC-NM for JORUM-BOXCAR and FAULTLESS-BOXCAR because in 

practice the matched filter method can always use regional data 

while the other method usually cannot. 

The extremely large error in the matched filter location 

of LONG SHOT compared co the relative travel-time location 

prompted a search for causes of error in the new method. It 

was found that digitization rates for the MILROW and LONG SHOT 

records were imprecise, up to five seconds of real time, either 

way, over the duration of the signals.  This would cause 

correlation peak times to be inaccurate. Also» we must recognize 

that the poor signal-to-noise ratio of some LONG SHOT recordings 

could cause correlation peak times to be somewhat in error. 

These reasons would account for much of the 61 km displacement 

of the computed LONG SHOT location from its true epicenter. 

An attempt was made to utilize the phase differences method 

as discussed above for the FAULTLESS-BOXCAR event pair.  The 

cross correlation traces were truncated about the peak used to 

make the matched filter location, and the Tukey (Hanning) time 

window was applied. The length of the truncated correlation 

trace was about 100 seconds for all seven stations.  Computed 

amplitude and ph'*se spectra were fairly smooth.  However, only 

three stations produced dispersion curves based on the phase 

spectra which were realistic.  Inverse dispersion resulted at 

two stations.  No location was calculated with these intractable 
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results.  The method of determining phase velocity was checked 

with synthetic cases.  It was found that phase velocity curves 

used to construct synthetic seismograms at various distances 

can be precisely extracted from the cross correlations of these 

seismograms with dispersed modifications of themselves. Three 

factors may have induced failure of four of the FAULTLESS-BOXCAR 

cross correlations to produce realistic phase velocity curves: 

1) signals recorded at these stations were of relatively short 

duration and limited bandwidth; 2) even though the epicenters 

were only 150 km apart, the travel paths were sufficiently 

different to produce dissimilar dispersion effects; and 3) 

there may have been interference from refracted energy arrivals. 
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SUMMARY AND DISSCUSSION 

A method of relative seismic event location using surface 

waves has been developed which is analogous to relative travel- 

time locations obtained using short-period body waves. Sources 

of error in this method are: 1} differences between assumed 

and true phase velocities in the source region and along travel 

paths, 2)  dispersion of one signal relative to the other at a 

given station, 3) background noise superimposed on actual 

surface-wave recordings, and 4) imprecise digitization rates. 

It was shown that the first should be negligible with only the 

grossest knowledge of the structure in the source region and 

aJmg travel paths.  The second should be reduced by a refinement 

of the method; i.e., Fourier analysis of the cross correlation 

trace.  However, this refinement may be practical only in 

certain cases.  The third is always troublesome, but some 

noise could be suppressed by band-pass filtering and beamforming 

in arrays.  Since explosions generate Rayleigh waves which have 

a much higher detection threshold than body waves from the same 

event, the matched filter location method cannot be applied in 

many cases where body waves from an event have distinct first 

arrivals and a computed location using them is reliable. Unless 

background noise on long-period instruments is substantially 

reduced, the matched-filter method cannot compete with the 

relative travel-time method for smaller events. The fourth 

cause of error is a hardware problem, but precise digitization 
rates are certainly possible. 

Matched filtering could be conducted by analog or digital 

techniques on-line in several observatories assigned to monitor 

one or more areas.  Immediately upon a confirmed detection by 

the reference event matched filters, a location cruld be 

computed using the relative "travel-times" of the Rayleigh 
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waves.  A sophisticated application of this new technique 

could produce a location as rapidly and perhaps as precisely as the 

short-period relative travel-time method.  Furthermore, it 

may be possible to discriminate earthqur1es from explosions 

in a given region when using reference signals known to be 

produced by an explosion.  This follows from the fact that 

earthquakes have azimuthally-dependent phase radiation 

patterns as illustrated by Ben Menahem and Harkrider (1964). 

Not only would location accuracy be severely impaired by 

the earthquake's phase radiation pattern, but also the time 

residuals after the final iteration in tue matched filter 

location could be as much as one-half cycle of the periods 

of maximum recorded amplitude since initial phases at the 

source may be separated by 180°.  In this study, the final 

residuals for all stations for all surface-wave locations 

except MILROW-LONG SHOT were less than 3.6 seconds. Imprecise 

digitization rates account for much of this, and residuals 

were higher for the MiLROW-LONG SHOT pair because of more 

imprecise digitization errors compounded with the longer 

duration of the signals. 
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